The animals were subjected to a standardized hemorrhagic shock procedure.
Following a 30-min control period, thev were given heparin (3 mg/kg) and bled from the femoral artery cannula into the bleeding bottle. The height of the bottle was adjusted as necessary to maintain the mean arterial pressure of the animal at 40 mm Hg. Bottle volumes were read at lo-min intervals, and note made of the maximum bottle volume. When the animal had spontaneously taken back 30 % of the maximum bleeding volume, the remaining blood was reinfused into the femoral vein and the animal followed until death.
Rectal temperature was monitored and kept at approximately 37 C by means of a heat lamp. Pressures were recorded from the femoral artery catheter and the implanted pulmonary artery and left atria1 catheters. Zero level of the pressure gauges was roughtly at the right atria1 level (midthoracic position). Stroke volumes were obtained by using an analogue computer; the ascending limb of the pulmonary artery flow waveform actuated a relay comparator to produce integration of the flow signal during the period of systole with a reset occurring at the end of each systolic period. Zero flow was considered to be the diastolic flow signal. Central blood volume was estimated by slug injection of ascorbic acid into the implanted pulmonary artery catheter in 40-mg, l-ml doses. The circulating ascorbic acid was sensed by the positively polarized platinum electrode at the root of the aorta and a resultant indicator-dilution curve obtained from an operational amplifier used as a current indicating device (16). Noise was largely eliminated from the signal by means of a I-set time constant averaging circuit.
Mean transit time (MTT) was obtained from the resultant indicator-dilution curves by planimetry of the computer-integrated curve, by direct calculation using the formula (26):
or through the use of an analogue computer estimation procedure (manuscript in preparation). Appropriate computer or arithmetic corrections were made for recirculation by extrapolating the exponential decays obtained to the original base line. All indicator curves used for mean transit time studies were performed in duplicate. "Central blood volume" was calculated as (cardiac outputj60) X mean transit time where mean transit time is in seconds and cardiac output is in milliliters per minute. "Left heart blood volume" was calculated from the mean transit times of the curves obtained by similar rapid injections of the indicator into the implanted left atria1 catheter.
"Pulmonary blood volume" represents central blood volume minus left heart blood volume. Total blood volume was determined by measuring the dilution of the injected 1311-labeled serum albumin with a 'cVolemetron"
(25) following a mixing period of 10 min. All parameters except total blood volume were usually measured every 10 min in the control period, every 10 min after hemorrhage for 30 min, every 10 min after reinfusion for 30 min, and every 30 min throughout the remainder of the bleeding and postinfusion phases until death. Total blood volume was determined in duplicate during the control period; single determinations were made approximately every 30 min during the postinfusion period.
In some of the very long experiments ascorbic acid and 1311 injections were made at 1-hr intervals to avoid adding large amounts of fluid to the animal.
At the end of each experiment the electromagnetic flow transducer was calibrated by perfusion in situ with the appropriate dog or monkey blood, collecting the perfused blood in a graduated cylinder for timed intervals. In some cases the flow probe was removed and calibrated in vitro using an excised portion of pulmonary artery or aorta; the calibration curve for a particular probe is not altered by using either arteries or veins (4).
Breathholding diffusing capacity for carbon monoxide (DL& was determined in another set of experiments in an additional five dogs and four baboons subjected to the same hemorrhagic shock procedure. In each instance the anesthetized animal was placed on its back in an airtight box with an endotracheal tube connected through the wall of the box to the ventilating apparatus. By means of a Hans-Rudolph five-way valve attached to the box, the interior could be vented to the atmosphere during periods between DL~~ measurements or, alternately, connected to a source of negative or positive pressure when the diffusing gas mixture was to be inspired or the expired sample was to be collected. This method as modified for use with anesthetized animals has previously ABEL, WALDHAUSEN, DALY, AND PEARCE Pulmonary artery pressure decreased initially in both groups during hemorrhage, then tended to recover slightly. Following reinfusion pulmonary artery pressure was 121 % of control in the dog and 107 % in the baboon. Both groups declined slightly to about the control value, then remained constant until just before death. Left atria1 pressure also declined during hemorrhage, returned to about the control level after reinfusion, but increased markedly at death, somewhat more so in the baboon than in the dog. Figure 1 indicates the alterations in systemic arterial pressure, pulmonary artery pressure, left atria1 pressure, cardiac output, and heart rate during the course of these experiments.
With a few exceptions the patterns in the During hemorrhage, cardiac output fell to 38 %I of the control value in the dog and 43 % in the monkey and remained at about this level throughout the period. On reinfusion the dog's cardiac output returned to 88 % of control value and the monkey's to 105 %. A gradual decline followed with a value of 59 % in the dog and 80 % in the monkey at 50 % postinfusion time. Heart rates were moderately higher (165 vs. 131) in the monkey than in the dog, increased moderately with hemorrhage, and decreased again during reinfusion. Subsequently, they increased in the dog until just before death, but remained relatively constant in the monkey. In the dog pulmonary resistance increased by about 225 % during hemorrhage, decreased only partially on reinfusion, remained at this level until 40 76 time, then increased until death. (Since cardiac output at death is zero, resistance cannot be calculated at this time). Pulmonary resistance increased more in the monkey, to 378% of control, than in the dog, but with considerably more variation from animal to animal (4 of the 5 monkeys showed a marked increase).
At the lowest point the mean volume was 67.4 ml/kg or 78 % of the control volume. The monkey returned to about 99 % of control after reinfusion, then fell gradually to 64 % at 80 % time (significant if the indicator is adequately mixed). Maximum bleeding volume was 52 ml/kg (49.5 % of total blood volume) in the dog and 26 ml/kg (41 % of total volume) in the monkey.
Systemic peripheral resistance in the dog, however, sho\bed almost no change throughout both periods, even decreasing below control values at certain times (approximately one-half showed a decrease). In the baboon there were increases up to 156 % during the bleeding phase, but no change in the postinfusion period. The relative changes in total blood volume, bleeding volume, and the volumes of the left heart, pulmonary bed, and central compartment are shown in Fig. 3 . Total measured blood volume was 105 & 6 ml/kg (mean + SE) in the dog and 64 =t 2 ml/kg in the monkey. ,"ifter reinfusion, blood volume in the dog decreased to 86.5 ml/kg (this decrease is not statistically significant). It further decreased slightly until the 60 76 reading.
Central
blood volume was comparable in the two groups, 11.2 and 10.2 ml/kg in the dog and monkey, respectively, during the control period. This was roughly divided into 55 70 and 45 % in the left heart and pulmonary compartments, respectively. All three decreased during hemorrhage.
Pulmonary blood volume decreased to 63 % of the control value in the dog and to 45 % in the monkey; left heart volume decreased to 46 % in the dog and to 33 % in the monkey. All returned to about 90 % of control values on reinfusion, and declined only slightly until death. The curves were roughly parallel in the two species, although declining somewhat more rapidly in the postinfusion phase in the monkey. Similarly, there was no evidence of a disportionate shift in volume between the left heart and pulmonary beds. Table 1 lists the values obtained for diffusing capacity for carbon monoxide (DL&. The changes in the two species were of similar direction and magnitude, decreasing during bleeding, returning to control levels on reinfusion, and decreasing again in the later postinfusion period. In general they parallel the changes in the pulmonary artery and left atria1 pressures shown in Fig. 1 . Sections of the lung were stained and examined microscopically. The larger vessels were moderately congested; this was slightly more prominent in the dog than in the monkey.
Round-cell infiltration was prominent in all sections, although no gross pneumonic process was evident. A few sections contained pink staining fluid in some of the alveoli.
DISCUSSION
The responses to hemorrhagic shock in this study were very similar in the two species. The hemodyrlamic changes shown in Figs. 1 and 3 fail to indicate marked differences. The increase in left atria1 pressure terminally does not, by itself, constitute evidence for a failure in cardiac contractility as an important part of the shock picture. The decline in cardiac output during the postinfusion phase was paralleled by a drop in left atria1 pressure and circulating blood volume in both species, suggesting that a decrease in venous return is the primary cause of the decrease in cardiac output, rather than the primary defect in cardiac function postulated by Crowell and Guyton (7). Surprisingly, the dog showed only slight changes in systemic resistance, i.e., arterial pressure and cardiac output fell about equally during the entire procedure. The monkey appeared to vasoconstrict during bleeding but lost this ability during the postinfusion period. His survival times were considerably longer, however, The lack of systemic vasoconstriction is in direct con- a so noted a decrease following transfusion in animals subjected to extensive surgery. To our knowledge this is the first such study in which systemic flow was directly measured by a flowmeter, rather than by the use of a circulating indicator-dilution technique. In view of the difficulties in the use of indicator techniques, particularly during the bleeding phase, the previous measurements may have been in error. It may be, however, that the degree of stress plays an important role in determining the amount of constriction produced. Our animals were subjected only to minor surgical procedures, but were bled to the 40-mm Hg level and kept there until 30 % uptake had occurred.
Unfortunately, the number of animals is too small to make any conclusive statements in this regard. However, further studies are now required to substantiate the concept that the hemodynamic disturbance in hemorrhagic shock is really postarteriolar in location (12). Total blood volumes were considerably smaller in the monkey than in the dog, as were bleeding volumes. The latter agree well with previous observations in the two groups (3, 9, 21). Since the blood volume is allowed to equilibrate with 1311-labeled albumin for only 10 min, it is of course possible that the apparent decrease in measured volume during the postinfusion phase is not due to actual extravascular loss of volume, e.g., by an increase in vascular permeability, but rather due to sequestration in some particular area. In the dog this area may be the splanchnic bed; however, in the primate there is considerable evidence against such pooling (3, 9, 2 1). The control volumes (105 & 6 ml,, kg) were somewhat high (14, 17), but probably within normal limits considering the small number of animals involved. Calculated central, left heart, and (by difference) pulmonary blood volume decreased proportionately in both groups during hemorrhage, returned to near control values on reinfusion, and declined slowly until death. The three curves are nearly parallel and do not differ significantly between the two species. "Left heart" blood volume has rather undefined boundaries. It should include the volume between the left atria1 injection site and the sampling site just above the aortic valve, at least insofar as adequate atria1 mixing occurs. The resultant control pulmonary blood volume measurements for the dog and the monkey are verv similar and agree well with previous estimates ( 10, i0). Relative pulmonary blood volume was greater in the monkey than in the dog, being 6.8 ',? of total blood volume for the monkey and 5.4 "i for the dog.
All injections were made during expiration in the dog experiments, with all but one of the dogs on an artificial respirator (16/'min). Bio difference was seen in the exception. Since the transit time averaged about 8 set from the pulmonary artery to the aorta, more than one respiratory cycle was involved. In preliminary experiments, we were unable to detect significant changes in transit time if the indicators were injected during inspiration or expiration.
All of the monkeys were studied without the use of a respirator (which they seemed to tolerate much resistance. The latter would be expected when left atria1 pressure becomes less than alveolar pressure and resistance becomes dependent on the pulmonary artery-alveolar gradient rather than on the pulmonary artery-left atria1 gradient. Absolute values for pulmonary vascular resistance were much higher (about double) in the monkey than in the dog; due to somewhat higher pulmonary arterial pressures together with lower cardiac outputs. Control peripheral resistance was about 35 % greater in the monkey than in the dog.
The hypothesis leading to these studies was that pooling might occur in the pulmonary bed during hemorrhagic shock. Our studies do not support that hypothesis as there was an increase in pulmonary vascular resistance accompanied by a decrease in pulmonary blood volume in both species.
The changes in pulmonary diffusing capacity observed in this series of experiments were similar in the dog and in the primate and correlated well with the pulmonary artery and left atria1 pressures. These results are also similar to those previously reported for the dog alone by Jonasset-Strieder et al. (13) . Other studies in man and in the isolated cat lung preparation have correlated changes in DL co with parallel changes in central vascular pressures (8, 15) .
Finally, despite other serial studies in the dog (11) that do not show evidence of a decrease in circulating ABEL, WALDHAUSEN, DALY, AND PEARCE blood volume, we did obtain a significant decrease in the monkey. Assuming that sequestration is not occurring in a particular bed, this would appear to be evidence for increased capillary permeability either in general or in some particular area not thus far studied. The congestion seen microscopically in the pulmonary vessels is probably terminal in nature and correlated with the late elevation in left atria1 pressure.
indicating no significant sequestration in a portion of the pulmonary vascular bed and probably no alteration in the alveolar membrane.
In summary, these studies have failed to reveal a significant decrease in pulmonary vascular resistance during hemorrhagic shock in either the dog or the primate. Pulmonary diffusing capacity for carbon monoxide likewise changed in both species in the same direction as the pulmonary artery pressure and the cardiac output, Significant areas of pooling may exist, however, in other sites in the primate, or there may be a generalized increase in vascular permeability.
In general, the baboon demonstrated a more consistent response in his increased systemic and pulmonary resistance than did the dog. The primates withstood the shock procedure better, constricted more, bled less, and survived longer than did the dogs. Survival time may, however, be due to the young animals used, as this has not been consistently true of the monkey (3, Zl), although Einheber and Cerilli (9) did find long survival times in their animals.
